The present functional magnetic resonance imaging (fMRI) study investigated whether age-related differences in the neural correlates of successful memory encoding are modulated by memory performance. Young (mean age 22 years; N 5 16) and older (mean age 69 years; N 5 32) subjects were scanned while making animacy decisions on visually presented words. Memory for the words was later assessed in a recognition test, allowing fMRI activity elicited by study words to be contrasted according to subsequent memory performance. Young and older adults exhibited equivalent subsequent memory effects (enhanced activity for later remembered items) in an extensive network that included left inferior prefrontal cortex and anterior hippocampus. In posterior cingulate cortex, reversed subsequent memory effects (greater activity for later forgotten items) were of greater magnitude in young subjects. A voxel-of-interest analysis conducted on left and right prefrontal subsequent memory effects revealed that the effects were distributed more bilaterally in older than in young subjects, replicating previous findings. This age-related difference was confined to older subjects with relatively poor recognition performance, who were also the only group to demonstrate statistically significant right prefrontal subsequent memory effects. The findings suggest that relative preservation of memory performance with increasing age does not depend upon right prefrontal ''over-recruitment.''
Introduction
Episodic memory-memory for unique events-declines markedly with increasing age, in contrast to short-term, semantic, and implicit memory, which show more modest age-related effects (Craik 1977; Light 1991; Craik and Jennings 1992; Nilsson 2003) . A number of different explanations have been put forward for why episodic memory demonstrates such a marked age-related decline. These range from accounts proposing that the decline is just one expression of a more general decline in processing efficiency (e.g., Birren 1965; Craik and Byrd 1982; Cerella 1985; Salthouse 1985 Salthouse , 1996 , to accounts that argue the decline reflects age-related changes in specific mnemonic processes (e.g., Jennings and Jacoby 1993; Naveh-Benjamin 2000; Howard et al. 2006; Prull et al. 2006) . Proponents of these latter accounts have highlighted the uneven age-related reduction in the volume of brain regions associated with various cognitive processes (e.g., Raz 1996 Raz , 2000 Raz et al. 2005) . For example, consistent age-related volume reductions are observed in both prefrontal cortex and the medial temporal lobe (e.g., Burke and Barnes 2006; Raz et al. 2007) , regions that are particularly critical for episodic memory (Moscovitch et al. 2007) .
Numerous studies employing functional neuroimaging methods have investigated whether age-related differences in episodic memory performance are accompanied by differences at the neural level. These studies have investigated age-related effects both at the time of encoding (e.g., Grady et al. 1995; Logan et al. 2002; Daselaar et al. 2003a; Grady et al. 2003; Morcom et al. 2003) and retrieval (e.g., Schacter et al. 1996; Cabeza et al. 2000; Schiavetto et al. 2002; Daselaar et al. 2003b; Morcom et al. 2003; Duverne et al. 2007; Velanova et al. 2007) , generally reporting reliable age-related differences in both cases. Detailed findings differ across studies, but arguably the most consistent finding has been that, relative to younger subjects, older adults tend to demonstrate a pattern of ''overrecruitment,'' exemplified in several studies by a more bilateral pattern of memory-related activity than that evident in the young (e.g., Cabeza et al. 1997; Madden and Turkington 1999; Cabeza et al. 2002; Rosen et al. 2002; Maguire and Frith 2003; Morcom et al. 2003; Cabeza et al. 2004; Grady et al. 2005; Gutchess et al. 2005; Fernandes et al. 2006; van der Veen et al. 2006) . In some studies, this pattern is accompanied by reduced memory-related activity in other regions activated in the young, prompting some authors to argue that over-recruitment reflects a compensatory response to an age-related decline in the functional integrity of these regions (e.g., Cabeza et al. 1997 Cabeza et al. , 2002 Rosen et al. 2002; Cabeza et al. 2004; Grady et al. 2005; Gutchess et al. 2005 ; see also reviews by Cabeza 2002; Reuter-Lorenz and Lustig 2005) . It has also been suggested, however, that over-recruitment (at least when in the form of a more bilaterally distributed pattern task-related activity) may be a reflection of age-related changes in neural function, such as decreased transcallosal inhibition, that have a detrimental rather than a compensatory impact on cognitive performance (see Buckner and Logan 2002; Logan et al. 2002 ).
An important question in relation to the functional significance of age-related over-recruitment concerns its relationship to task performance. Using functional magnetic resonance imaging (fMRI) with a blocked design, Rosen et al. (2002) operationalized encoding-related activity as the difference in activity associated with blocks of semantic versus nonsemantic judgments performed on visually presented words. They segregated their group of 14 older subjects according to mean score on 4 standard memory tests, and reported that the 7 highest scoring subjects had greater levels of encoding-related activity in right prefrontal cortex than either their lower-scoring counterparts, or a group of young subjects. This finding suggests that a more bilateral pattern of task-related activity is beneficial for memory performance. Cabeza et al. (2002) adopted a similar strategy in a retrieval study that used positron emission tomography (PET), employing a contrast between test blocks requiring either a source memory judgment or free recall. The high-and low-performing older subjects (Ns of 8 per subgroup) were segregated according to performance on a composite score on 4 standard memory tests. Whereas the contrast between recall and source tasks in both young and low-performing older groups revealed greater activity in right prefrontal cortex only, it revealed a bilateral prefrontal increase in activity in the high-performing older subjects. This finding too is consistent with the proposal that bilateral prefrontal recruitment is associated with relatively good memory performance. The impact of these 2 studies Rosen et al. 2002) is, however, limited by the small sample sizes.
Findings contrasting with those of Cabeza et al. (2002) and Rosen et al. (2002) were reported by Persson et al. (2006) and Miller et al. (2008) . Persson et al. (2006) compared nondemented older subjects in whom performance on a battery of memory tests had remained stable over the preceding few years with older subjects whose memories had significantly declined over the same time period (Ns = 20 per group). Using fMRI with a blocked design, they extracted the activity (relative to a fixation baseline) associated with engagement in a semantic classification task from 2 pairs of homotopic regions of interest in prefrontal cortex. A between-group difference was observed in right ventrolateral prefrontal cortex in the vicinity of Brodmann area (BA) 47. This took the form of greater activity in the declining than in the stable group. Miller et al. (2008) employed event-related fMRI to identify ''subsequent memory effects'' (greater activity for later remembered compared with later forgotten study items) associated with successful encoding of face-name pairs. Within their older group (N = 17), subjects performing below median on the later associative memory test demonstrated enhanced subsequent memory effects in right superior prefrontal cortex, along with a trend toward enhanced effects in the hippocampus. This pattern of over-recruitment in the low-performing older subjects was accompanied by a reduction in the magnitude of medial parietal ''reversed'' subsequent memory effects (i.e., greater activity for forgotten relative to remembered items). Both Persson et al. (2006) and Miller et al. (2008) interpreted the over-recruitment effects in their poorer performing older subgroups as a compensatory response to age-related decline in the functional integrity of the neural network subserving episodic encoding and associated cognitive operations.
In the present study, we also investigate the relationship between memory-related activity in prefrontal cortex and memory performance. The study takes as its starting point the findings of Morcom et al. (2003) , who used fMRI to investigate the effects of age on the neural correlates of successful encoding of visually presented words. In that study subsequent memory effects common to young and older subjects were evident in several cortical regions, including the left inferior frontal gyrus and left hippocampal formation. The most impressive difference between age groups was with respect to the prefrontal cortex, where subsequent memory effects were considerably more strongly left lateralized in the younger subjects. Importantly, Morcom et al. (2003) manipulated retrieval performance by testing memory at 2 different poststudy intervals. The performance of the older group on the study items tested after the shorter interval was equivalent to that of the young subjects on items tested after the longer interval. The accompanying prefrontal subsequent memory effects still manifest age-related differences in lateralization, strongly suggesting that the differences were truly age-related, and not merely a reflection of disparate levels of memory performance in the 2 groups.
As was discussed by Morcom et al. (2003) , the finding that prefrontal subsequent memory effects are more bilaterally distributed in older than in younger subjects is open to a range of interpretations. As already alluded to, the finding might reflect an adaptive or compensatory mechanism that boosts encoding beyond what could be achieved by the left hemisphere alone, consistent with the compensation hypothesis of Cabeza (2002) . Alternatively, right-lateralized encoding effects might reflect a breakdown in functional cortical specialization, perhaps reflecting degradation of transcallosal inhibition Logan et al. 2002) . Another possibility is that the finding reflects differences in the cognitive operations engaged by young and older subjects during the processing of the study items. That is, bilateral subsequent memory effects might be a consequence of the employment of a processing strategy that happens to be supported by bilateral rather than unilateral prefrontal cortex (e.g., Morcom et al. 2003; Dennis et al. 2007) .
One line of evidence that would help arbitrate between these competing accounts concerns the relationship between age-related shifts in the lateralization of subsequent memory effects and memory performance. The finding of a positive relationship between performance and bilateral effects would support the proposal that recruitment of the right hemisphere benefits encoding and ameliorates age-related memory impairment (cf. Cabeza et al. 2002; Rosen et al. 2002) . Evidence for the reverse relationship would constitute evidence that bilateral encoding-related activity is not necessary for encoding to be effective in older individuals. Such a finding would be equally consistent with the proposals that recruitment of the right hemisphere is 1) detrimental to encoding , or 2) an adaptation to a relatively low level of mnemonic or more general cognitive functions (Miller et al. 2008) .
Accordingly, we assessed fMRI subsequent memory effects in a sufficiently large sample of older subjects to allow the relationship between lateralization of subsequent memory effects and memory performance to be adequately characterized. By including a group of younger subjects we were also able to directly assess the generality of the findings from the original study of Morcom et al. (2003) .
Methods

Participants
Sixteen young healthy adults (9 females) aged between 18 and 29 years (mean age: 22), and 32 community-dwelling older healthy adults (22 females) aged between 63 and 76 years (mean age: 69) participated in the experiment. Data collected from one additional older adult were excluded from all analyses because of excessive head movement during scanning. Data from one other older adult were excluded because of abnormal signal in frontal cortex. Young adults were recruited from the undergraduate and graduate student population of University of California, Irvine, and older adults were recruited from the surrounding community.
All subjects were right-handed, English native speakers, with a minimum of 12 years education and normal or corrected-to-normal vision. They were free from neurological, cardiovascular, and psychiatric disease and none was taking central nervous system--active medication. Nine of the included older subjects were taking antihypertensive medication. The study was approved by the Institution Review Board of the University of California, Irvine. Informed consent was obtained prior to participation in any experimental session.
Neuropsychological Testing
A battery of standardized neuropsychological tests was administered to all subjects in a separate session from the fMRI procedure. The battery assessed a range of cognitive functions known to either decline or to be maintained with age (see Duverne et al. 2007 for a detailed description) . The Mini Mental State Examination was employed as a dementia screening measure. A nominal cut-off score of 26/30 was adopted, although no potential subject was rejected on the basis of this criterion. Long-term memory was assessed with the California Verbal Learning Test-II (Delis et al. 2000) and the Immediate and Delayed New York University (NYU) paragraph (Kluger et al. 1999 (Wechsler 2001) . The Beck Depression Inventory was also administered. Data for one older subject were not obtained on the long-delay paragraph recall test because of a procedural error.
Experimental Stimuli
The experimental stimuli comprised 240 words representing different common objects. The words were randomly allocated to 3 sublists of 80 words each with the constraint that, within each sublist, half of the words represented animate objects and the other half inanimate objects. Sixteen sets of stimulus lists were created by assigning 2 of sublists to the ''study item'' condition and the third sublist to the ''new item'' condition. The assignment of sublists to each the old and new conditions was counterbalanced across the 16 sets of stimuli lists so that a given stimulus was equally likely to appear in each condition.
At study, 160 word stimuli were intermixed with 80 null (fixation only) events. At test, the 160 studied items were intermixed with 80 new unstudied items. For both study and test lists, the sequences of events were pseudorandomly ordered such that no more than 3 items belonging to the same word class occurred sequentially. Both study and test lists were divided into 2 blocks, and 2 filler items at the beginning of each block preceded the critical items. An additional 12 words were used to create 2 practice lists for the study task (see below). A further 6 additional items were used as new items for the practice session of the recognition memory task. The new items were intermixed with the 6 studied items from the second study practice list.
Experimental Tasks and Procedures
The experimental procedure closely resembled that of Morcom et al. (2003) . It consisted of an incidental study task during which scanning took place, followed by a recognition memory test outside the scanner that started approximately 25 min after the end of the study task.
At study, subjects were informed that they would see words on the screen, presented one at a time, and that their task was to decide whether or not the word referred to or was part of an animate or an inanimate object. Half of the subjects were asked to press buttons with their left and right thumbs to signal animate and inanimate judgments, respectively, and the reverse response assignment was employed with the remaining subjects. Instructions emphasized the need for both speed and accuracy. There were 2 brief practice study sessions, one before entering the scanner and one in the scanner, so that subjects could familiarize themselves with the study task and environment. Subjects were not informed their memory for the words would be tested later. When positioned in the scanner subjects were able to view the experimental stimuli via a mirror directly above their eyes, responding via a hand-held button box. Prior to the study phase a 10-min structural scan was conducted, following which the second practice session was undertaken. The study task proper comprised 2 blocks of 122 trials each, during which the functional scans were acquired in a single session. A total of 160 critical words were shown, one at a time, in pseudorandom order, interspersed with the 80 null events. Two filler words were also presented at the beginning of each block. A white fixation cross was continuously present during the intertrial interval and throughout null trials. The presentation of each study word was preceded for 650 ms by a warning signal, which consisted in a change in the fixation symbol from white to red. The screen was then blanked for 150 ms, following which the word was shown for 300 ms. Words were presented in white uppercase Helvetica 30-point font on a black background and subtended an approximate vertical visual angle of 1°and a maximum horizontal visual angle of 4°. Stimulus presentation was followed by another blanked screen for 150 ms, and then the reappearance of the white fixation cross. Stimulusonset asynchrony in the absence of intervening null trials was 3 s. Between the 2 study blocks, a short break occurred for a total duration of 30 s. Subjects saw the message ''Short break'' for 23 s, followed by the message ''Get ready'' for 5 s and then a white fixation point for 2 s. Subjects were required to remain immobile during the break.
After completing the study task, subjects were taken to another building where they were informed about the recognition memory task. It was explained that the words they had studied in the scanner would be shown again, intermixed with new words that they had not seen during the session. Subjects were required to judge whether each test word was old or new, and to indicate their degree of confidence associated with their judgment. Thus, one of 4 keys was pressed according to whether the word was 1) confidently judged to be old, 2) nonconfidently judged to be old, 3) confidently judged to be new, or 4) nonconfidently judged to be new. Responses were made with the middle and index fingers of the left and right hands, which rested on the q, w, o, and p keys of a keyboard placed on a table in front of the subject. The middle fingers were always used for confident responses. The assignment of old responses to the left or right hand was counterbalanced across subjects. Instructions were to respond as fast as possible without sacrificing accuracy. A brief practice was given to familiarize subjects with the task. Subjects then undertook 2 test blocks of 122 trials, each about 10 min in duration. Each trial consisted of a warming signal (red fixation point) for 650 ms, a 150-ms blank period and the stimulus presentation for 300 ms. All stimuli were presented visually on a computer screen, using the same format and font as at study. The words subtended an approximate visual angle of 1°x 4°and were displayed for 300 ms, after which the screen was blanked until a response was provided. The interval between each response and presentation of the subsequent test items was 3 s. A short rest was provided half-way through the test task.
Functional Data Acquisition
A Philips Achieva 3T MR scanner (Philips Medical Systems, Bothell, WA) was used to acquire both T 1 -weighted anatomical volume images (256 3 200 acquisition matrix, 1-mm 3 voxels, 150 slices, axial acquisition, 3D Magnetization Prepared-Rapid Gradient Echo [MP--RAGE] sequence) and T 2 *-weighted echoplanar images (80 3 79 acquisition matrix, 3 mm 3 3 mm in-plane resolution, 3-mm slice thickness with 1-mm interslice gap; ascending sequential acquisition, flip angle 70°, echo time 30 ms), with blood oxygenation level--dependent (BOLD) contrast, using a transmit/receive RF head coil. Each EPI volume comprised 30 axial slices positioned to give full coverage of the cerebrum and most of the cerebellum. Data were acquired in one session comprised of 400 volumes, with a repetition time (TR) of 2 s. BOLD signal was sampled with 3 s Stimulus Onset Asynchrony (SOA), using a 0.5 Hz sampling rate. The first 5 volumes were discarded to allow tissue magnetization to achieve a steady state.
fMRI Data Analysis Data preprocessing and statistical analyses were performed with Statistical Parametric Mapping (SPM5, Wellcome Department of Cognitive Neurology, London, UK: http://www.fil.ion.ucl.ac.uk/ spm5.html; Friston et al. 1995) implemented in MATLAB R2006a (The Mathworks, Natick, MA). All volumes were realigned spatially to their mean, and these realigned volumes were then spatially normalized using a sample-specific template. The template was created by normalizing (Ashburner and Friston 1999 ) the first EPI volume of each subject's functional time series with reference to a standard EPI template based on the Montreal Neurological Institute (MNI) reference brain (Cocosco et al. 1997) . The resulting normalized volumes were separately averaged within each age group (32 older subjects and 16 young subjects), and these 2 group-wise mean images were then averaged to generate a template that was equally weighted with respect to the 2 age groups. Volumes were resampled into 3-mm isotropic voxels prior to normalization. Normalized volumes were smoothed with an isotropic 10-mm full-width half-maximum Gaussian kernel to accommodate residual anatomical variation between subjects. T 1 anatomical images were normalized using a procedure analogous to that applied to the EPI images. Prior to normalization, subjects' T 1 images were coregistered to their mean EPI image and the images were resampled into 2-mm isotropic voxels.
Statistical analyses were performed in 2 stages of a mixed effects model. In the first stage, stimulus-elicited neural activity was modeled by a d function at each stimulus onset, whereas the rest period separating the 2 study blocks was modeled with a 30-s duration boxcar function. These functions were convolved with 2 hemodynamic response functions (HRFs) to yield regressors in a General Linear Model (GLM) that modeled the BOLD response to each event-type. One function (the ''early'' function) was the canonical HRF as implemented in SPM (Friston et al. 1998) . A second (''late'') function was generated by shifting the canonical HRF one TR (2 s) later in time, and was included to capture possible delayed responses. The late function was orthogonalized with respect to the early function using the Gram-Schmidt procedure so as to give priority to the early function (Andrade et al. 1999) . Thus, variance common to the early and late functions was allocated to the early function, loadings on the orthogonalized late function accounting only for residual variance unexplained by the early function.
The design matrix of the GLM included 4 early and 4 late covariates that modeled events defined by subjects' responses during the test phase. These events were 1) studied words attracting a confident ''old'' judgment at test (''Confident Hit''); 2) studied words attracting either a ''new'' judgment or a nonconfident ''old'' judgment (''Forgotten''); 3) events of no-interest (i.e., absent response, multiple responses, incorrect response at study, and fillers); 4) the 30-s break. The design matrix also included 6 covariates modeling movement-related variance (the 3 rigid-body translations and 3 rotations estimated by the realignment procedure) and a constant that modeled the mean over scans.
The time series in each voxel were high-pass filtered to 1/128 Hz to remove low-frequency noise and scaled within-session to a grand mean of 100 across both voxels and scans. Parameter estimates for events of interest were estimated using the aforementioned GLM. Nonsphericity of the error covariance was accommodated by an AR(1) model, in which the temporal autocorrelation was estimated by pooling over suprathreshold voxels (Friston et al. 2002) . The parameters for each covariate and the hyperparameters governing the error covariance were estimated using Restricted Maximum Likelihood. Subsequent memory effects (operationalized by the contrast between Confident Hit and Forgotten items) were identified using voxel-wise linear contrasts of the parameter estimates. These contrasts were carried forward to a second stage in which subjects were treated as a random effect. Table 1 summarizes the demographic and neuropsychological data for the 2 age groups. As can be seen, the groups are well matched for education and estimated IQ, with the older group demonstrating the typical pattern of lower performance on tests of memory and speeded cognition. Table 2 shows the data from the older group segregated by median split on performance on the experimental task (see below; henceforth the ''high-performing'' and ''low-performing'' subgroups). The lowperforming subgroup demonstrated significantly lower scores than their high-performing peers on one California Verbal Learning Test (CVLT) subtest (immediate recall), as well as on tests of letter and category fluency and symbol-digit substitution. With the exception of delayed paragraph recall (t(30) = 3.26, P < 0.01), the memory test scores of the highperforming and young groups did not significantly differ. By contrast, scores of the low-performing subgroup were significantly lower than those of the young subjects on all memory tests (t(30) > 2.43, P < 0.05) other than immediate paragraph recall.
Results
Neuropsychological Data
In addition to the dichotomous contrasts of the older subjects' neuropsychological scores reported in Table 2 , we also computed the correlations between the subjects' experimental task performance and each of the scores. Out of the resulting 14 correlation coefficients, only 3 were significant, namely, the correlations with CVLT immediate free recall (r = 0.37, P < 0.05, 2-tailed), symbol-digit substitution (r = 0.37, P < 0.05) and category fluency (r = 0.42, P < 0.05).
Task Performance
Study Task Accuracy on the study task did not differ with age (mean accuracy of 0.97 in both age groups). This remained the case when the older group was split into the low-and highperforming subgroups. Table 3 shows reaction times (RT) associated with correctly judged study items according to age and whether the items were confidently recognized versus unconfidently recognized or missed on the subsequent memory test (these categories correspond to those employed to estimate fMRI subsequent memory effects, as described below). ANOVA (factors of age group and subsequent memory) revealed significant effects of age (F 1,46 = 4.05, P < 0.05) and subsequent memory (F 1,46 = 12.42, P < 0.001), but no interaction between these factors (P > 0.4). The 2 main effects reflect slower responding in the older than the younger group (mean RT difference 73 ms) and a small but reliable trend for slower study RTs to items that were confidently recognized on the later test (mean RT difference 16 ms). The size of the subsequent memory effect on study RT did not differ between the low-and high-performing older subgroups (P > 0.1).
Recognition Task
Performance on the recognition task is summarized in Table 4 . Collapsed across confidence, there was a significant difference between the age groups for hit rate (t(46) = 3.92, P < 0.001) but not for false alarm rate (P > 0.7), and a significant difference for the discrimination metric Pr (PHit -PFalseAlarm; t(46) = 3.12, P < 0.01). When segregated according to response confidence, Pr for low-confidence responses was extremely low and did not differ between the age groups (P > 0.6). Pr for confident responses was both considerably higher and differed significantly with age (t(46) = 3.15, P < 0.01). As described below, for the purposes of the fMRI analyses, study items were deemed successfully encoded only if they were confidently recognized on the later memory test. Accordingly, the older group was split into high-and lowperforming subgroups according to a median split of Pr for confident recognition judgments (see Table 4 ). (The same pattern of results was obtained with analyses performed on high-and low-performing subgroups segregated on the basis of Pr collapsed across confident and nonconfident judgments.) Whereas the former subgroup's scores did not differ from those of the young subjects (P > 0.7), the scores of the lowperforming subgroup were significantly lower (t(30) = 7.95, P < 0.001).
fMRI Data Following Morcom et al. (2003) , subsequent memory effects were estimated by contrasting the activity elicited by study items that were confidently recognized on the later recognition memory test (henceforth ''remembered'' items) with the activity elicited by items that received either nonconfident ''old'' responses or were misclassified as ''new'' (henceforth, ''forgotten'' items). The analysis of these effects was conducted in 3 stages. First, regions demonstrating subsequent memory effects common to the 2 age groups were identified. The second stage identified regions where effects differed according to age. In the third stage, a voxel-of-interest approach was employed to compare the lateralization of prefrontal subsequent memory effects in the different groups, focusing on the low-and high-performing older subgroups.
Common Effects
Subsequent memory effects common to the 2 age groups were identified by computing each side of the main effect of subsequent memory (remembered > forgotten and vice-versa), thresholded in each case at P < 0.0005 with a 5 voxel extent threshold, and exclusively masking the resulting SPMs with the F contrast for the Group 3 Subsequent Memory interaction, thresholded at P < 0.1. Thus, these analyses revealed regions where subsequent memory effects and ''reversed'' subsequent memory effects (sometimes referred to as ''subsequent forgetting'' effects; Otten and Rugg 2001c; Daselaar et al. 2004 ) were reliable at P < 0.001 (2-tailed), and did not differ according to group at P < 0.05 (one-tailed). The outcomes of these analyses are illustrated in Figure 1A and listed in Table 5 . Subsequent memory effects were evident in a large expanse of left inferior prefrontal cortex, along with a smaller right prefrontal region, as well as other cortical regions including left fusiform and lateral parietal cortex. As can be seen in Figure  1B , an additional cluster was revealed at a reduced threshold (P < 0.005 one-tailed) in the vicinity of the left anterior hippocampus (peak co-ordinates -27, -9, -21; Z = 3.15, P < 0.001, cluster size 14). This cluster included 7 voxels that survived small volume correction (P < 0.05) for a 10 mm sphere centered on the peak of the common hippocampal effect (co-ordinates -30, -15, -30) reported by Morcom et al. (2003) .
The reverse contrast (forgotten > remembered) revealed reversed subsequent memory effects in an extensive region of bilateral medial parietal cortex, as well as in right lateral parietal cortex ( Fig. 1C and Table 5 ).
Group 3 Subsequent Memory Interaction
Interaction contrasts (each side thresholded at P < 0.0005, with cluster extent of 5) were employed to detect betweengroup differences in the magnitude of subsequent memory effects. No voxels were identified where effects were greater for young than for old subjects. In the case of the reverse contrast, a cluster of 5 voxels was identified in posterior cingulate cortex (peak co-ordinates -12, -48, 27; Z = 3.73). Within-group contrasts of the peak parameter estimates illustrated in Figure 2 revealed that in the young group activity elicited by remembered items was reliably lower than that for forgotten items (t(15) = 3.26, P < 0.01, 2-tailed), whereas the older group demonstrated an effect in the opposite direction (t(31) = 2.42, P < 0.05, 2-tailed). Further analysis revealed that neither the high-nor the low-performing subgroup demonstrated significant reversed subsequent memory effects in this region. A reliable effect in the opposite direction was found in the latter subgroup only (t(15) < 1 and t(15) = 3.16, P < 0.01, 2-tailed, in high-and low-performers, respectively).
Lateralization of Prefrontal Subsequent Memory Effects
Following Morcom et al. (2003) , between-group differences in the lateralization of prefrontal subsequent memory effects were assessed using a voxel-of-interest approach. For each subject, parameter estimates representing the activity elicited by remembered and forgotten study items were extracted from 5 voxels in the left prefrontal cortex and from homotopic voxels in the right hemisphere. The voxels in the left hemisphere were located at local peaks evident in the main effect of subsequent memory that was revealed by a voxel-wise, mixed-design 2-way ANOVA with young, high-performing and low-performing groups as a between subjects factor. Thus, Figure 1 . Common subsequent memory effects in young and older adults: (A) Subsequent memory effects (P # 0.0005) rendered onto the 3-dimensional single-subject MNI reference brain; (B) left hippocampal subsequent memory effect (yellow ellipse; P # 0.005) superimposed on a coronal (y 5 À9) slice of the single-subject MNI template; and (C) reversed subsequent memory effects (P # 0.0005 superimposed on sagittal (x 5 12) and coronal (y 5 À72) slices of the single-subject MNI template. All effects were exclusively masked with the bidirectional interaction between age and subsequent memory/forgetting effect (P # 0.1).
Figure 2. Parameter estimates of the peak voxel in posterior cingulate cortex (coordinates À12, À48, 27) showing age-related difference in reversed subsequent memory effect (*P # 0.05; **P # 0.01).
these voxels were selected in a manner that was unbiased with respect to the 3 groups. The identified voxels sampled activity from the full extent of the left prefrontal region demonstrating subsequent memory effects (co-ordinates: -51, 33, -3; -48, 30, 6; -36, 30, -15; -51, 24, 15; -45, 15, 27) . Mean parameter estimates for activity elicited by later remembered and forgotten items from left and right hemispheres, collapsed across the voxels of interest, are illustrated in Figure 3A for the young and older subjects, and separately for the low-and high-performing older subgroups (see Fig. 3B for depiction of parameter estimates for the subsequent memory effects). To determine whether the present results replicated those of Morcom et al. (2003) , an ANOVA was conducted on the parameter estimates employing the factors of age group (young vs. older), subsequent memory (remembered vs. forgotten), hemisphere, and voxel of interest. The results of the ANOVA are summarized in Table 6 , where it can be seen that among the significant effects was a Group 3 Subsequent Memory 3 Hemisphere interaction. As is evident from Figure  3B , the interaction reflects the tendency for subsequent memory effects to be more strongly lateralized in the younger subjects, replicating the findings of Morcom et al. (2003) . The reliable main effect of group, indicative of greater item-related activity in the older subjects with respect to baseline, was also reported in the former study.
Additional ANOVAs were conducted to contrast the prefrontal subsequent memory effects in the young subjects with each of the 2 older subgroups. The outcomes of these ANOVAs are also summarized in Table 6 . As is evident from the table, the Group 3 Subsequent memory 3 Hemisphere interaction was significant for the contrast between the young and the lowperforming, but not the high-performing, subgroup. Further within-group analyses separately conducted on each hemisphere (employing the factors of subsequent memory and voxel of interest) revealed that whereas left prefrontal subsequent memory effects were reliable in all 3 groups (F 1,15 = 70.73, 13.26, and 40.96 for young, high-performers, and low-performers respectively; all P values < 0.005), right prefrontal effects were reliable in the low-performing older subgroup only (F 1,15 = 8.36; P < 0.01). (A reviewer queried whether these findings might be a reflection of selecting voxels in the right hemisphere which, although homotopic with those exhibiting strong across-group left prefrontal subsequent memory effects, do not themselves demonstrate reliable across-group subsequent memory effects. Accordingly, we extracted parameter estimates for the peak of the right prefrontal cluster where such effects were independently reliable according to the threshold applied to our whole brain, voxel-wise analysis [see Table 5 ]. Even for this voxel, the selection of which is biased in favor of finding significant within-group effects, subsequent memory effects were reliable in the low-performing subgroup but not the high-performing subgroup [t(15) = 3.15, P < 0.005 (1-tailed) and t(15) = 1.62, P > 0.06, respectively]. The subsequent memory effect at this voxel was also reliable in the young group [t(15) = 2.55, P < 0.025].).
In addition to the group-wise analyses described above, we computed across-subject correlations between the magnitudes of left and right prefrontal subsequent memory effects, and of the difference between them, and measures of performance on the experimental task and neuropsychological tests. No significant correlations were observed across either the entire 48 subjects, or the older group alone.
Discussion
In agreement with Morcom et al. (2003) , the present study revealed age-invariant subsequent memory effects (greater activity elicited by later remembered than later forgotten study items) in a large expanse of left inferior prefrontal cortex, along with several other cortical regions and the left anterior hippocampal formation. Again replicating the previous study, a voxel-of-interest analysis revealed that prefrontal subsequent Figure 3 . Lateralization of subsequent memory effects in young, older adults, and high-and low-performing older adults: (A) averaged parameter estimates for remembered and forgotten items and (B) subsequent memory effects (Remembered minus Forgotten) collapsed across the 5 prefrontal voxels of interest (see text; *P # 0.05; **P # 0.01; ***P # 0.001).
Cerebral Cortex March 2009, V 19 N 3 739 memory effects were distributed more bilaterally in older than in young subjects. Crucially, this age-related difference in the lateral asymmetry of encoding-related activity was carried by subjects who performed relatively poorly on the later memory test. In addition to an analysis of subsequent memory effects, the present study also identified an extensive region of medial parietal cortex that exhibited age-invariant reversed subsequent memory effects (greater activity for subsequently forgotten than subsequently remembered items). Inferior to this region, however, was a small region where reversed effects were evident solely in the young subjects, and where poorly performing older subjects demonstrated an effect in the opposite direction. Below, we expand upon these and other findings, focusing on their relevance for an understanding of the functional significance of age-related changes in the neural correlates of successful episodic encoding.
Neuropsychological Performance
Relative to the young group, the older subjects showed the typical pattern of age-related impairment on the neuropsychological test battery, performing poorly on tests of long-term memory and speeded cognition. This pattern of performance differed somewhat between older subjects who performed relatively well on the experimental memory task and those who performed less well (see below). Whereas both older subgroups demonstrated lower scores on the speeded tests and on one test of long-term memory (delayed paragraph recall), only the low-performing subjects were significantly impaired on the other long-term memory tests. Thus, segregating the older subjects according to their performance on the experimental task also segregated them according to longterm memory function more generally.
Behavioral Performance Performance on the study task was well matched between the 2 age groups, although the older subjects tended to respond more slowly than the young group. A subsequent memory analysis of study RT revealed a small but reliable trend for later remembered (confidently recognized) items to be responded to more slowly than items that were later forgotten (that is, items that were missed or recognized with low confidence). This finding may reflect a benefit to encoding from relatively prolonged study processing, although it should be noted that while similar effects have been reported in some previous studies (e.g., Wagner et al. 1998; Morcom et al. 2003; Uncapher and Rugg 2005b) , other studies have reported opposite (e.g. Rugg 2001a, 2001b) or null (e.g., Otten et al. 2001; Uncapher and Rugg 2005a) findings. Regardless of the explanation for the present subsequent memory RT effect, it did not differ in magnitude between the 2 age groups (or between the 2 older subgroups) and hence does not compromise the interpretation of age-related differences in fMRI subsequent memory effects.
The pattern of recognition performance closely resembled the pattern reported by Morcom et al. (2003) . Young subjects out-performed older subjects, and this difference was carried entirely by items attracting confident judgments. When the older group was subdivided by a median split on confident recognition performance, however, the high-performing subgroup performed at a level equivalent to that of the young group. Therefore, any differences in fMRI subsequent memory effects between these 2 groups cannot be attributed to the confounding effects of performance. The same cannot be said in the case of the low-performing older subgroup, an issue to which we will return below.
fMRI Findings
Two key aims of the present study were to replicate previous findings of an age-related decrease in the lateralization of prefrontal subsequent memory effects (Morcom et al. 2003) , and to investigate the relation between degree of lateralization and memory performance. We were successful in the first of these aims: as in Morcom et al. (2003) , a voxel-of-interest analysis revealed that subsequent memory effects in inferior lateral prefrontal cortex were distributed more bilaterally in the older than the younger group (see Fig. 3B ). With respect to the second aim, the results were again clear: decreased asymmetry in prefrontal subsequent memory effects was most evident in those older subjects who performed relatively poorly (below the 50th percentile) on the experimental task (see Fig. 3B ). Moreover, this was the only group of subjects in whom right prefrontal subsequent memory effects at voxels homotopic with left prefrontal maxima were statistically significant. These findings indicate that high verbal episodic memory performance in older individuals does not require engagement of right prefrontal cortex during encoding (see Miller et al. 2008 for analogous results). Thus, the findings do not support the ''compensation'' hypothesis of age-related right hemisphere recruitment as it is often articulated (e.g., Cabeza et al. 2002; Dolcos et al. 2002; Rosen et al. 2002; Reuter-Lorenz and Lustig 2005) . As was noted in the Introduction, this does not necessarily mean that right prefrontal over-recruitment during encoding fails to benefit memory performance. Rather, as was also suggested by Miller et al. (2008) and Persson et al. (2006) , over-recruitment may be an adaptive response that supports processing within cognitive domains in which functional competence is beginning to decline. Findings from studies investigating neural correlates of memory encoding and retrieval in individuals suffering from mild cognitive impairment (MCI) or at genetic risk for Alzheimer's disease (APOE-e4 carriers) offer some support for this proposal. In several of these studies (Bookheimer et al. 2000; Dickerson et al. 2004; Bondi et al. 2005; Dickerson et al. 2005; Celone et al. 2006; see Sperling 2007 for review) such individuals demonstrated enhanced encoding-or retrieval-related activity relative to age-matched controls (but see Johnson et al. 2006; Trivedi et al. 2006 for reports of reduced activity in APOE-e4 carriers). These findings have been interpreted as evidence of neural compensation in the face of incipient pathology (Dickerson et al. 2004 (Dickerson et al. , 2005 . As was proposed by Duverne et al. (2007) , over-recruitment may in fact be a compensatory response to relatively modest cognitive decline regardless of whether the decline arises from early neurodegenerative disease or as a consequence of ''normal'' aging. To the extent this proposal is correct, it raises the important question of when, relative to the onset of such decline, compensatory over-recruitment first becomes evident. The answer to this question will likely require recourse to longitudinal rather than cross-sectional experimental designs.
If the foregoing account is correct, the question arises as to the identity of the cognitive processes that were ''compensated'' by right prefrontal subsequent memory effects in our low-performing older subgroup. Because the study task was incidental, it is highly unlikely that these processes include any associated specifically with intentional memory encoding. Rather, the relevant processes were likely among those engaged by the online demands of the study task. This placed demands on such functions as retrieval, selection and evaluation of semantic information, all of which are thought to depend on left inferior prefrontal cortex (Badre and Wagner 2007) . By this account, the right prefrontal subsequent memory effects evident in our low-performing older subjects reflected the recruitment of right prefrontal regions in service of task demands that were not fully met by left prefrontal cortex. Because there were no detectable differences in study performance between the high-and low-performing subgroups, right prefrontal recruitment appears to have been sufficient to allow the low-performing subjects to adequately meet the demands of this relatively easy study task. Clearly, however, it did not fully compensate for functional decline in regions supporting mnemonic processing, as evidenced by the relatively poor performance of these subjects on both the experimental task and standardized memory tests. Moreover, the finding that letter and category fluency performance-both of which depend upon lateral prefrontal cortex (Baldo and Shimamura 1998)-were compromised in the low-relative to the high-performing subgroup suggests that right prefrontal recruitment did not fully compensate for the reduction in left prefrontal support of online processing.
A very different account of the right prefrontal subsequent memory effects evident in our low-performing subjects proposes that the effects reflect changes in cortical function or organization that are deleterious for memory encoding. By this account, right prefrontal over-recruitment is an example of cortical dedifferentiation (perhaps mediated by a breakdown in transcallosal inhibition; Buckner and Logan 2002; Logan et al. 2002) , the consequence of which is a decrease in computational ''signal-to-noise'' and hence in processing efficiency. Thus, right frontal subsequent memory effects are a consequence of a breakdown in mechanisms that, in young individuals and older people who are aging relatively successfully, ensure that processing demands are met by optimal levels of cortical recruitment. This scenario receives support from the finding of Persson et al. (2006) of a negative correlation between structural integrity of the anterior corpus callosum (as indexed by diffusion tensor imaging) and task-related activity in right ventrolateral prefrontal cortex.
Adjudicating between the ''compensation'' and ''dedifferentiation'' accounts of right prefrontal over-recruitment will not be easy and, indeed, may not be possible using only correlative methods such as MRI. More decisive evidence might come from the employment of transcranial magnetic stimulation (TMS) to selectively disrupt prefrontal function in each hemisphere (e.g., Rossi et al. 2004) . If right prefrontal subsequent memory effects are adaptive, TMS to this region should disrupt encoding in those subjects in whom the effects are evident to a greater extent than in subjects in whom the effects are absent.
As already noted, in both age groups reversed subsequent memory effects (lower activity for remembered than forgotten items) were evident in an extensive region of medial parietal cortex, along with a smaller right lateral parietal region (Fig. 1C) . Reversed effects have previously been reported in this region in studies of young subjects (e.g., Otten and Rugg 2001c; Daselaar et al. 2004) , as well as in other regions comprising what is sometimes termed the ''default-mode network'' (regions where task engagement is associated with deactivation relative to a resting or baseline condition; see Buckner and Vincent 2007; Morcom and Fletcher 2007; Raichle and Snyder 2007 for recent reviews). The functional significance of reversed subsequent memory effects is currently unclear, although there is some agreement that they likely reflect the benefit to encoding deriving from a reallocation of cognitive resources from task-independent processes such as environmental monitoring to the study item (Otten and Rugg 2001c; Wagner et al. 2001; Daselaar et al. 2004) . Evidently, in the present sample of older adults, a substantial part of the medial Cerebral Cortex March 2009, V 19 N 3 741 parietal cortex had retained the capacity to support such item-elicited resource reallocation (cf. Miller et al. 2008) .
Inferior to the region demonstrating these common reversed subsequent memory effects was a posterior cingulate region-a region also held to belong to the default-mode network (Gusnard et al. 2001 )-where reversed effects were evident in young subjects only and where, in the case of the lowperforming subjects, there was a full cross-over interaction. It is unclear whether the posterior cingulate supports the same functions as the more extensive medial parietal region that exhibited the common reversed effects discussed above, or whether it should be regarded as functionally distinct. Never the less, the present findings for the posterior cingulate add to the results from 4 prior studies of encoding where reversed subsequent memory effects were also reported to be greater for young than older subjects (Morcom et al. 2003; Gutchess et al. 2005; Kukolja et al. 2007; Miller et al. 2008) . In each of these prior studies, the age effects were also localized to regions implicated in the default-mode network: medial prefrontal cortex in the cases of Gutchess et al. (2005) and Kukolja et al. (2007) , lateral prefrontal cortex in Morcom et al. (2003) and, similar to the present findings, medial parietal/ posterior cingulate cortex in Miller et al. (2008) . Although the factors responsible for the differential localization of these effects across the different studies remains to be established, at a more general level the consistency of the findings is striking. Their relevance for the understanding of age-related changes in memory performance is presently unclear, however (see also Persson et al. 2007 ). Miller et al. (2008) reported that agerelated attenuation of medial parietal reversed subsequent memory effects was most evident in subjects who performed relatively poorly on the later memory test. In the present study, there was no evidence that mere attenuation of the effects (albeit in only a small subset of voxels evidencing the effect in the young subjects) impacted subsequent memory performance. Rather, poor performance in older subjects was associated not with the absence of a reversed effect, but with the presence of a reliable subsequent memory effect. The significance of this finding is obscure, although it could perhaps be interpreted as a further example of over-recruitment. In any case, it suggests that the failure to show reversed subsequent memory effects in a given region does not necessarily indicate that the region is insensitive to encoding success (see Morcom et al., 2003 for similar findings). The importance of gaining a fuller appreciation of the functional significance of agerelated changes in reversed subsequent memory effects in the default-mode network is highlighted not only by the consistency of these findings across studies (see above), but also by reports that age-related reduction or reversal in task-related default-mode network activity is exaggerated in subjects with MCI or Alzheimer's disease (Lustig et al. 2003; ).
Finally, a caveat is in order regarding interpretation of the subsequent memory contrasts between the young subjects and the low-performing older subgroup. Because group and task performance were confounded in these contrasts (as is often the case is functional neuroimaging studies of cognitive aging), we cannot completely rule out the possibility that the resulting effects reflect the disparate performance levels of the 2 groups rather than more stable differences in patterns of cortical recruitment (see Morcom et al. 2003 for discussion of the various ways differential performance might influence subsequent memory effects). The findings of Morcom et al. (2003) , who demonstrated that age-related differences in asymmetry of prefrontal subsequent memory effects are independent of performance level, strongly suggest that the present findings do not reflect a performance confound. Nonetheless, it will be important in future research to assess prefrontal subsequent memory effects in high-and low-performing older subjects across multiple levels of task difficulty (cf. Morcom et al. 2003) .
Concluding Comments
The present findings are consistent with previous studies that reported age-related reductions in the lateralization of prefrontal cortex activity associated with successful memory encoding. In a significant extension to these prior studies, the present analyses indicate that age-related reduction in asymmetry of prefrontal subsequent memory effects is restricted to older adults with relatively poor memory performance. Thus, preservation of memory performance with increasing age does not depend upon bilateral prefrontal recruitment. The mechanisms responsible for the enhancement of right prefrontal subsequent memory effects in poorly performing older adults, and the functional significance of this enhancement, remain to be understood.
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